Transistor Circuits for Analog and 
Digital Systems* 

Uv FRANKLIN H. BLECHER 

(MilJiLiHcrLpt rscEivBiJ NoviamtiBr 17j ]EIA!p) 

Thi^ jmprr iU'^riW^ Ih^ itppltaifton of juncfiDn (TOfisistors to precision 

circftih for w^ic in (iftGiwj ccmp^^iers and Ihe inp^^i ami fmlpui rircmh of 
^i^ra^ 9!/Btems. The three basic circuits ar^ <i i\fiTiimuiy <%7ff})tijicr^ a^i ini^- 
firaicr, anrf a t^la^ camparalt^r, Tf^ Iraa^^tor circuiiff arf comlnfi^ into 
a vcUdffc cficodi'r fcr ttanstati^ Of^nfoii voli(^BCfi into cqmmt^il Htw ini^r- 

1 J* INKtODUCTION 

Trftiu^isUjrs, because of their iTl]a!:]iUty, Hitinll power t:oii£Limptioii, 
anti i^iiuiW sJK-c Hnd a iiaturu-l field ot upplicatlon in elGotrn]iic^ ^i^^Tnputcrfl 
and il^lA [m[ismissia[i ay^il^mj^. Thohf^ EulvanlAgen bA^o alrOAtly l>een 

realized by usknE potiit cfltiuic^t trii]bfjijgi,oni in high Mpe^jd digitfll t:oin- 
puter^.' Thijj pupei' cli?^]'il)CH the £L|^pli4^£Ltirm ot jiiiictiOTi ( ra[]J5i4tijns to 
IjrecLaioit ciri^uils whirh are \iy^\ iti dt anal^jg <-<j[nput<jn> and In (he 
input and mitput circuit o( digilAl i$yt$te]i]:$. The tliree battle tirt^uitH 
which arc \}^il in ^^nJ^^e apphcalioim are a aummiciR aniphfier^ an iiite- 
gratcir, anti a x^uHanc comparalor. A Reiieral pi'D<^edure foi" di^ftiniijtig 
Lheis^ tran^Latoi' eircuits i:^ ^ivqu ^^ilh pai'li^^iijar i^iiipha^i^ plat'*K] on npw 

deaign methods that arc ne^vsailanyj by th^ ptTj|>fdic« yf Junction 
transistors. The deHifiii piitiiiplc^ are JlluslrHted by bpeeilic eircuila. 
The ru]idameiital considoratioEi^ ill tli^ (le^ign yf tranaislor operational 
aaiplifiers are disf^ii^Hed in S^^tfioti 2.0- In rttctlon 3.0 an ilhiatrallve 
aumiiiitig amphfii^r !« df^nlk^d, xvhir-h lias* a dc actUretcy o£ beller than 
one |mrt m ■"►,(IIH1 throughout jui 4j|KTati[]g lempentture ranRe of to 
OO^Cr Thfl ftX'tlb^k in tills amplifier is malntaLned o\'er a broad enough 
fr€44ijeiicy baod so that full acc]urac]y i^ attained in about 100 micro- 
seconda. 

The design of a sp^^oific Iranywtor integrator lb preaenied in Section 

* SuhriiLttBri lu pnrliji] fuli^llsiienl c>f tho r^[ijir«ineni9 fur ilie dcerce Qf Doctor 

cf El^ctFicAl t^ngLneeringAtthePolyteGbJiLc Icmtitutcuf Bruukl>n. 
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4.0. The iiiicEnitur mu I* uacd to genomic n voliu^e lamp which i& 
linear Ui within one p?ir[ ill K,a(X>. By mETiiiM •'( on nutonidtic :^-ro set 
(AZS) circuit which useFi !l inagiictic detwtur, i\\o alope of the village 
ramp is mfl-intaiiied con&UviiI Ln within one part in S.llOO ihroijfihi>iit a 
tcmperatiLi* range of 20^C tu 40T^. 

The vollage comparator, Jps-ribcd in Rectiuii .'3,0, iK an electrical de- 
vLco which indiciiTc^ t!ie instant of (ime an input vnltagr wnvefurm 
pinwrs thrniiph a prcflplpvniiiied reliTence level. By tnking advantase 
of tht ]»[|per[iej^ uf AiinLf^iindnrtor deiicow, Ihe comparalur can be de- 
signed to have an actunity uf ±5 mdlivollrf throughout a lempeiadire 

lanRe of 'iO^f! to 40^C. 

Tn Seclian tJ.O, the aysWm ft|)[>lication of tliP translator circuils la 
demonstrated by aaaemblinR tlio fiuniminB Hmphfifr, the integrator, ftud 
the voltage cunsparator in["j fl vnltagc encoder. Tlic encoder ean Iw need 
to tianalate an analnn inpat \oltage into an equivalent time inter\'al 
wilh an ancuraL'y of one part in 4,000- This accuracy iH [ealizcd through- 
out ?v temperature ranee of 20^C to WC for the prtrticiilar circuits 
described. 

aj3- niNCAHENTAL CONBIDeKATlO^Jfl L>" Tllb DtSIGN OF OPEHftTfONAL 

AbrrLiriEiLB 

ThobaMC active circuit nurd in dc aiiBloecompnIera is a direct coupled 
negfirtive feedback amplirjcT With appropriatii Input and feedl?&ck net- 
worka, tbe amplifier can Ik^ used for muliLpHcatinn hy a coiisUnt foef- 
ficslent, addition, Integration, or difFcrentiatioii as fihown in Fieum l- 
The accuracy of an operational flmplifier dependa only on the passive 
compurienla used in the input and feedhafk circuits pro^ ided that there 
is Buflicieiil negati^-c feedback (usually greater 1haii 1W> db}. Tlie tima 
thflt IB retiuilf^l for the amijliliei m perform a ijilcnlailoii is an mvense 
function of the bandwidtli i>'vi which the feedback is maintained. 
Thus ?t fundamental problem lit the design of an npcratioual amplifier 
is the development of aufficicnt negative feedback over a reaaon&bly 
broad frequency mnge. The a^aoriated problem is the realization of 
satiafactory atabilily marBinr^, Finally there is the problem of reducing 
the drift whii'h i^ inherent in direct coupled amplifier* and particularly 
troublewiiif! for transistura because of tlie variation in their character- 
ifltiea with tempejaturc. 

The firat step in (he deai^n is the blocking out of the configuration 
for the fom-ard gain circuit (designated A in Tig. I). Three primary rc- 
quiicments must be satiafiod: 

(1) SlagCQ must be direct coupled. 



{2) Amplifier must prcivJdr rum net phase reversal, 

(S) Altiplifier l]iilst ]i]iv^ enough current K^m to meet EU]ciiracy re- 

Three pofisihle tmtisiator roiuiertinns arc available;' (a) '.he <?otii]no]i 
ba3c conncetinn which may be ctni>jjflcrfld ftnexl^jftuua to The commoti 
grid va<:inmi tiibfl ™i^he<CLi>np (h) the eoniinoii emitter cociiiectiun 
tvhich \^ sii]a1u^Ud lo ihe c-Oiiltnoci cathode connection^ nnd (c) the 
eommo]i tMjIleetor romiwlioii which is analogous to the rathodc follo^'er 
eonnoetioiL. 11i&j^ three tunr^gTimtLOcm together witli their approKimate 
eciuivalent circuits arc Eihowii in Fig. 2. It has been shown^ that for 
most iun<^tion tran^islors the eircuit eleniecit a ia g]ve]i by the expreTision 
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FLg. 1 — Suinmary of apeFadanAl &rL|[tl1 fierf . 



■ ThiRPspr^^smn nfi:-LLmeB thut Mig k]]|ecli{]ii f actor v find ihe colloclor f Airin^nry 
a. ure boLh iMhily Tl^iti id jl 4$uch1 4i|j|jTu\]niatic]a tor alL alloy junctioEk trjineifatciv 
Ett^d moifl ^rO^]] JLiihctLOiL trunELmorB. 
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and p = ^. At fteniieiicies Ipse ibnn wJ2t, (I) i^an be approximated hy 



1+^ 



(2)' 



COfl 



wSete ti* ]fl the lo\\' f reqiieni^' value of 



<^« 






(D^ Lu Uie dLlIusioii t:o"fi"Aiit for the mii]uri[y chiil^e <:&rnf^rfl iti the base 
r^simi). A rCawJily ancasured parameter ciiLJecl niphfr {vl? "^^ short 
circuit current gait] uf h juiiclion transiator in the ccduhoji ba^ colliik- 
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tioHj J3 related lo n by the equfltJon 

Ffw nioHt janctioti Iraiwisfors the base rebijslance, f-^, is niuph smqlfpr 
tlisui tho mllMtor imputlttcKf | Z^ \, fit freriuennea Iceb than or^/STr/lTiere- 
forcp a^a and Ua/^x is vei^^ ciearly <if|iihl lo llic alplifi-flutof! frequency^ 
the frequency ut which [ a | is do^^n by 3 db. 

The iTftusiBtoT pB.TEimetepi Tt asid r^ aif^ attiially (requeiiiy secisitive 
ADcl dkould ho rrprcsciilcd ns impedtinctfl,* Howcvprp gowl agrwment 
between lhj?<jry ttlid <^^prriment is obtai[]ed nt fre^|il?i>ciefi IpM than 
tffl/^x with Ti and rt nuMinK^ tonftlaiit- 

The choice cJ an appmpiiulermtifiistoT^oiiiieetion for fl direct ct*upled^ 
nes^tive feedback ainplifier, is ba^ed oil the following i"Oftfioning The 
comnian base connectioii itifty 1^ niled ont immediately becEinse thifl 
cD]inet:tion do^^& Jiot provide crurre]il gain uideBa a, ti-fljisformcr niterstage 
IS used. The common f^milEer ronnectio]! providtfl short t^triiiit onrrent 
gain and a phase reversal for Mc^h stage. Thus if the uTn]jhlier Jtt cO]i]- 
poJ3t^lof an nddnnmbcrofcunimoEK^niittprRlaECB, all three requirements 
praviouflly ll^toflp arc satisfied. A i:'0[]i]non c]tiLtt<^r tiftfioaile has the addi- 
tional pnn:tical Hfivantano, that by alternating rt-p-n and p-r^-p lypcft of 
tran^^torfip the stages ean be direcl coupled ivijh pniflitally aero inter- 
Alage loss. 

Th^ common collector eonn<jclion prnvides shfjrt c'ircuit current gain 
but iiu phahO roiTrsal- t^o]kaequeE]lly3 tll<^ dc- ai^plilif^r cannot eonaiat 
entirely of commor] colWtor stagea and operate as a negativo feedback 
amplifier. This paper will toriaidf^r o]ily Ihe common emitler fonjiection 
aiiK^j in general, for the aiime [luinlicr of tni]i3istor stages, the common 
emitter cai^rade provideH more torrent gain than a casrade fomposed of 
both eommon collector and commoT] emitter silagcs, 

2.1 Evahiati<m *if E^tiTnal V^Uufe Ggi^ 

Sincjc the ec|uivulecit cir<jnit of the jimclioTi Iransistur ib current acti- 
vated^ it ifl convenient to lieftt feedbfick in a single loop Irunaistur ampli- 
fier aa a loop cnrietif (rans]n]ssion (refer to Appendix 1) int-tead fsf afl a 
loop voltage transmission which is commonly uwd for single loop vacuum 
tube Hmplificrs * Fig. S ahfsws a sirhgle f^H^jj fj.'j.'tll>sic'k amplifier in n'hich 
a fractioc] uf ihc oulpul current is fed l>auk to ihe input. A is defirtcd a& 
the short c^irciiit ciirrcnt gain of (he amplifier wilhout J^^ll}atkf and 3 is 
defined as the fracUon of (he short circuit oulpiit current (or Norton 
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equivaJent uir^uit mirrcnl) fed back to the input sijmming node. With 
these d^?[]nltiollfl, 



rsc 



Ah^' 



Tvhei* /flc ia Ihe Norio]i c([iiivAlent short nrciijt current- 
From Kirchhoff's first liiiv 

'in' ^ 'in + J,9 

Combining relations (4) to (fl) yields 

U _ A 



(4) 



<fl) 



(7) 



/in 1 - ^^ 

E]tpressioii (7] provides a convenient method for evaluatiiig the external 




Fig. 3 — Single 1cm>p feeiibiick fimplLfiet". 

valtHgc gain of an oprrfitional aiiiphfietr Fig- 4 shows a generalized op- 
eralioiml ainplilier ^^itb N inputs. With thia ronli}ruration. 






(8> 



where Ei^ J = Ij 2, - ■ , A^ ure the N input voll^ges reforretl to the 
ground node. 
^j p J = 1, 2p ■ ■■ H A^3 arc the N input nnpedancer^ 
^jN i^ the i]ipiit L]iipcdaiiee of the amplifier mcai^nred at the 
aumming node wil]i tlie feedback loop opened. 



OUT ^IN i~ 



/IejUT — 






R^'^ Z 



(fl) 



(10) 



onx 



TRAySIBTOR CJHCUIT3 FOn ANALOr= AXD DItilTAL BYSTfi^Ma 301 

where Zonr i& the output impedance of the amplifier measured with the 
Feedback ltju|j opened The espression for (he output ^'Oltflgr is ohtained 
by combJiUng (7), {&}, &}, &ti(l (10)- 
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(11)^ 



wtiere 



A» 






A|8 ifl equal to the current returned to the aunuuiiig node when a unit 
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NORTON EOUlVALENT CIRCUIT 

Fig, i — GenerAliEfld HjperftdrHnfll rimplaEer- 

ciirreiit is pliUit'd itilo Ihf* base of the first transiator ^t^^ (Ii^ = I). 
Jf I A0 I iri much £]t^tt'r tbuii \ Zi^ /Za \ ^iid 
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(12) 



The ftceitiaey of the* opciQtimial amplifier di^pcnds on the mELgiiitudc of 
-4^ liutl the pn=tlf>i[]U of thf ronspotiehtt> ustf-d in th<^ input and feedback 
networks aa cam be ween from (11). There JST]ejtliRible intere^ctioii between 
tiu input voltn^i^ F}eeausc (he input impcdncife at thif uicmmiu^ laode ib 
erjufil to Z^f/ divided ^}y (I — Aji).^ This impedance is usuaJly neghgibly 
snmll coniparrd tn the impedances used in the input i^ireuit. 

* lu gcti^ralp E/ And I'iiuLiT are ihe LaplAce iran^fonn? of the inpul aticL oulpul 
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An efeeiilial consideration in Ihe deaigii uf u feedbiiL^k anjpliEier la the 
prDvi3iDiiDrad{}quatemurgi[]35E\|^in&Em$tal>i]ity In ordn to ttc<^inpliah 
thjfl objettlvOj it is iicrcssary lo chuiiae a ^.Titerioii t>f Jstabiiity. lit Ap- 
pends [ it id hIujwji ihal it ie ronvt^niont oiid vnliri lo liasp the sl^bility 
ot single loop ti'fliiaislor f^edbrtrk ot^iplifieR nn llae Wp t^rrpiit l]"a]is- 
iiiib^^ionr In ortfrr U) calr.ulate the loop rurrecit tnL[]b[niEj£>iu]i of the dt 
umplifierf the fw<lliack loop is oprncd nt il c'oiivt*iiie]il po]i]t 111 the cir- 
cuity iiBually ut the bfi^e cJ cino of thr^ trfLnsiators, blicI h unit ournznt is 
iiijecited inlo the Imw (rtftr to Fig- ^4). The other aide of the opened 
loop is connected to ground ihrrmgh a rcflistance (r, -f- r^) Qiid voltajre 
rJi , In ni&ny hiataneesi (he vollnjp^ rJi ^l■ltn be neglcn'ted. If | Zji 1 ai^d 

1 



are i-niifli greater than | Zcn' L t}ie]i ^^ i*i v^ry nearly pqujil rn^ the Inop 
cimvDt Imn^miiision. For absolute slftbihty the acnplitiidc of the loop 
current trani^inisriion must be lead than unity belijre the phtti^e Mliifl 
[from the low freciuetiry value) exceeds 180*. Co]i3ec|uently, thia charac- 
teristic must bic controlled i>r properly flhftp(^ 0\'^r a \vido fren^uoain^ 
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FRCQUtMCf W C^LES PER SECflWD 



Figr G" Curpcnl traQBrniBsicn of l^ nvt on cmiUer Bt«^- 
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i>and. In juJdilio]k, it is tlpfiirable ihiit the feedback fall off at a mU^cquftl 
to ur leHu lliflu £> fib per OLiave in order to insure (hut the d(i a]iiplirier 
liftjn a satiafactorj' (raiiKient responee. 

'Hirfle nic^lhods of Bhapinfi jirc clf^st-rihed iti this papery local fe^back 
bhapiiag, iiittrsfa^e tietw-jrk shH|>h]k|^, anfl j^ <-ir<-uit shaping. IjQchI feed- 
back shapii]^ uill In^ tlQ.scribcd firat. lln^ uiialysiifj eUrt^ by tonjiidcrinft 
the current transniibBLOti of & comnioci emitter »taRej efiuivaleiit ^:■irL■uit 
fehow» ill Fig- '2{b). If the sUht op^^ratea Jtito a load leajstante if^ , Iheci 
to a nocjd a|>|>rosiiiialion the current I ran^miKftioii is given hy 



G, = i' ^ ~ °^ "t^ (13)- 

'i 1 -L P- 



1 + 



whcre 
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U| tii„tUc(l — Ho + i) 

(I - ^^ + i) 

i_+i I I 



^ ft: ulpba-cnt^>rf fr^niency 



tf* 



(/?t + r.)C. 



!1 is uppaitrnl from espreaaioii (13) (bat if (I — flo + *) ■»* Le^s lhn]i 0.1, 
then ihe tnirn^nl ftaiii of the tum]iiO]i ^^tiilUer stag** falls tsff at a ]nlc of 
1p db peroclfl^'e wilh ii c'<>rin>f fiviiiie]ie>' at u] -t A stN.'t>ntl (>db ppi" imIsvp 
(.iLtofl H-ilb n ionuT fret|ueiLfy ftt \w^ + (I + B)ur] lu iiilroduced by ihe 
jf Ic^nit ill fhc dotiosniiinlor of (13). A typiral li^tiriniisriioti ibairaeleriiil il- 
ia bho^^iL ill Fig. J. nic i'Uiif^iil gam of Ihe coinniati cmittoi" stogji? is unity 
3t a frernieiiry equal (o 



1+5.1 



Ua £1^2 



•ExpreMloTifl fl3| iind (14) are pottt n^pproKln^ntmni^ nt frecnipuciefl aImvo 

T SdicLlj' a]}?4ikillB Ihc n^fhrnrr frcquDncy ie ct|U4il [u nf^/2^, Hu^^cver, Eor fllm- 
plk]t>, coniEr frec|ucnclC3 will Iw^xpreaftpcl ub racLlaih frcqiicihcictt. 
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Since the pliasc cvoaaover of ^^* Lt ustifllly plac^ Mnwlhi:^ f]"cquency, 
the piint^ipa! elfect uf the ^ec^oiid LulufE iu to Introduce excess phoj^e. This 
oxtcfw iihtLMO tft" tje tn]ni]nia(^d hy operalitig Ibe Rlage into tlic sn^allcst 
lodd reHj»ta]ice p^usi^ible, thuM inaKiriiiziiiy wc . 

An undesirable properly of the cummoii emitter trELnsniission charac- 
teristie la that the comer frequency tj>i occurs at a relatively low fre- 
quency- Ho^vever, the eomer frequency can be increased by iifiing Ic^al 
feedhjick ^ ghow]i in Fig (S(a)- Shunt feedhaek is used in order to pro- 
vide H low input iTTipcdftntc for (he protxitling htaRC to ujjcrate iiit^N. The 
amplitude Q]id phase of the current transmission ts eontrollcd prin* 
ripally by the inippdfl]iees Z| and Zs . If | .1^ | is miich grcat^?r than oiiCp 
a]td if fl ^ Z2/Z2 , Then fmin (7) Ihc current ttrtnstnis^io]! of the stape ia 
appro^Lmnte^y equal to —Zi/Z\ . Because of the relatively B]nal| size of 
A8 for a j55]ieIc ^ntflgc, this appioximatjon ia only valid for h very limitt^ 
rang? of valuta of Z, auil Zn . If Zi and Zj nrs represented fts reai^tftrice^ 
ffifiiid tiij thou (he cutrrnt traofimiAsionof thoeireuit l^i^iven 1^ h auod 
Hppro:(in]atioii by 



f^i '^ 7 ^ -7^ — ^ — ^ r Z = n C^) 



+ 



w 



here 



7 = 



ui 



w* 



/f, ^''^ 


r/^i + rt).. 


Rt + r* + f . 
(1 + od + -y) 


I + 'r^ 1 

1 



ffi + r. 



Ry compariTiK [14) with <13X it is evident that the nepttive fwdback 
has reduced Ihe Lo^'-frequency oirtent rheh frocn <^/(l -^ oo) (J may 
UKiially he neglected) to 
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fl. + rb^\l -a^^yf H, + r, 



^ ThF phiiFU^ rinfl'u^TFr nl AS ifi equal ta th€ fr«cii]eaGy at irhieh the phnse shift 
of Afl from lift low-fr^^iiPHniiy vaL^i^ la 1JH*_ 
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The hiilf poivpr f requciicy^ hon'everj has been inrreosed Irom 

1 — fl» . I — OB + r 
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rt?^ fiho^t'ti l]y ihv diifnlnNi run'<^ in Fig- 5.* 

rht; IjiindwidCh uf the t^ommon emiHerslage nan be increosEd without 
reduc^iiE the iiintiil. gnin a1 dc; aiid low-freqiiein^iefl hy i-f^ptTBentJiig Zi 
l]y A r^>iialniHP Ri , ntid Jia }}y a ret.]slft>n:e Ra in Mries ^^ ith a t^i^deivfor 

('^ . H ly'^/^^^ iH ]rLt]['h smallrr thati ui , then the eiirreTit truimmissioii of 
llie KifiKo- js gi\'<>ti l]y (14) n^u]|ip]ipd by Ihr fiict<>r 
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Cil/fi+ri]ll - fln + 7) 



Tilt; eurrec]t trniii^mi^ioii fur IhJE case la ploHed iii FJ^. fl(b). The coc]- 
iJf^nari" C^ ititmduresi a riajug ft db per orta^'e ofiymptote ^^ilh el eomer 
l"3\'t|Lie]n;y lit uii . Al Jr Ihc <-urrcnt gain ig ccioa] to 

Ob 



1 - OtH- * 



A w:<"0]itl ]iiethod t^f shiLpJiiji tht^ loop c^irreiil trnnsniJssiioT] chiir- 
arttTislJc of li fei=d[>oi'k ucn|jljlici' is by men]ia of inlerstnge iietworkB. 
These networks are usually used for rediii-ing; Ihe loop tnrreiit ijain at 
iflfitixely hyw frequctn^ies ivhilc introducing ncsliK^'^]^ phawr big iinar 

th<^ punf uiid plni-s? t-ro^hO^or tre<|ueut:iefl, Intomrtgo rn-'hxorks should 
fK^ desired Id take udviiiitEi]^e of the variable transistor iiipiit impedance. 
The input linpedFiLiofi of ji JnitSMistor in tl^e cominon tniiticr toiniixitioii 



^ [|i Ft^^- 5 Einrl Sd), i^tc f:Lctur li'r/df^ -\- r^l H^uHumn^iJ Cquul td unUy. Tliia Is 
jh ECH}^ ]Lpi>ruMiEk[itioii Hin«^ ii] prjLctL4:4>R]]iJ uquiiL lo scverul tliousand obma wLlle 

IThe gatu rnrtdo^^'or frequency ia Equal to the frec|ueaey jiL n^bhch tb^ ma^iii- 
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1^ ^ven by the expre^tduu 

^wrnr — T't + r<(l ^ Gj) 



(le) 



where Gx IS the tiirrtiit transmissjoii gjve]i l>y (13)- If 17^ at dc ia much 
gretLtpr than i, then ihe lijput itnpcdance nnd the turmit tranBmissioii 
of the romn^rm f^mitter bla^e (fttl off at aboi]! the baiiie rate and ^vith 
appTosimately the saitir ^7ome^ frequency (ul)^ The input impedniice 
finjilly rea<7h(}s a hmit]i]j^ value oqual to r^ + rh . 

A litirlirulail.v naefiil jnterateigt network ja shoiiii ui ^jr. 7[&)r Thifl 
iietvi'Oik ijj uimlys^ ill AppeiidL\ l] and Fifi- 7(b) shows a plut of the 
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FREOL^NCT I** CYCLES F^R fiEC£m& 



Fig, Q— NBgativfl f^dLjlck fippliEd to a cmmmeD Ein]tter BtagB. 
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rTKiilMiiR nirreiit lraiij^]i]if*^ioii. Thp ainpljlude of ihe tranHmiBHion fall^ 
ufE flt u rMp of li dhper octave ^uth ihe cxmier frriiMonfy t:t determined 
by Ci and thr low frequcnr^^ mine of the tranflislor input JTnprdaiiK. 
The i]idiirtnTii-e J^ iiLJniffinvri a V2 db per oL'teive rvnlrn !lfivcupt^^U' with 
a conuT frwiiienry }\i ^^ ^ i/v^LaC's- The eomer fret|ue]tc.k^ Wj rmd cj( 
are selected iil order lo obtiiLii a tiesirable loop eiirrecil Iraii^jitutisijun 
channjleriHl]<; (flpec-ific t]'Eiiiu]nisijioii rl]an^t't<^rietiff5 are presented in Hfic- 
tions li.O and 4.0). 'Hie lialf pn^ver frHjneney t>f the furreut tJ-ansmisftinp 
ol Ihe Iran^i^torp wi p doej^ not appear dirently in Ihr transmiaaion char- 
ftrteristie of ihe circuit l^irauw* of tl^e variation iTi the Iraiitjislor input 
irnpedatif;r with frequency. 

ITie overall S <-ircuU nf Ihe feedback ampliher caii also be used lor 




A = 



Ac = 



ao 



1-4 




I'ijf. 7 — lnterELage ahiijiing nct^orL^ 
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sliapiiig tlif^ Ifwip nineiil Iraiiumi^siuii. If the tifedl^fh irjipc^aiiL"C Zk 
(Fig. 4) cO]ifjisls rrf a rcsi&iliiiicc fijt and candeiiaer Ck J" pamllelj tketl 

the loop cum^iil 1 riiiissisisMioii is modified by the factor 






(17) 



vfaen 



tj, = 



ffrCi 



_ (ff. + If^} 

Since Z^f affeeta the extonhbl vollftj^ j^iii of the opcraltonal flmpljfie^^ 

(ll)p Ihe c^rtirr fr^qiieiii^y a^ miist he ItH^nted outside u( the ubclul flfr 
quec]i:'y biM]d. UJSiLtilly it Jfj plftcccl H^a]" Ihfl gftiii ctwisovcr frequency in 
order to impro^'e the phLit^e jnurgiii mid the [rLic]sifelLt l^espoufnt,^ ot the 
umpliJicr 

III Sf^clinnfl 3 find 4_0, Ihe abo^^e shapiiig tei^hniqiies are lusod in the 
deelRci oE ttpft^lle 0|>crftliotml aniplitiri's 

aJt. Tlll^ &UUMIN4 AUPLIFIRK 

3-1- Circuit ATr{mg^ment 

The scheinutir Jitigrflm of j^ dc finnuniiig siinplifier Is shown jn Fig. R. 
From Ihe dLHoii.sHioii in Hecfjon 2.0 it i^ a|>i)t^rvnL fliat cat}] cominan 
emitter kI^i^hc* ivill fontnhule more Ihaii 00 degreoft of high-fjtf|neiicy 
phnKe Iftg- C'"iiw?iHLf*ii1lyp while the nia^iiilude erf the lo^'-frvtiuenny 
fcedhEirk JcicrOiiSO* ^vith the miml}cr of st^Res, thia is at the espenee of 
the bandwidtEi Over wiiifh lh<? negatji^e feedback cnii be mBintaiiied. 
It is possible to develop SO db of negative fe^rihafk nb dc. with thrre 
eominoit emitler slfLgcR- Thia ^7o^TeBpoI]ds to a dc hecurauy of one pairt 
in 10,000. Ic] addition, llie feed}>ack can \-\^ niainlainef] n\Tr a broad 
enough Imiid in ojder lo permit full amunmy lo be altclincd ][1 iiboiit 
LOO tn]t:rowefin<ISr 1'hus it ifle\ic!ent that the choice of three alagea repre- 
aenta n aatiafactory coinpronn^c between aee\iracy and band^vidth oh- 
i«tives. 

The oi]lpi]t atage of the FimphGer iH designed for a ma?^i[iLitn] po^^er 
di^jpation o( 7^> mi^liwal^ and maximum voltage awing of di25 voltfl 
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^^lnj]k yr><JieiliiiK iiitrmn <^vtf*rLial IojkI rqsistiincfi i^qunl to or grenter than 
50,000 f^hiiiK. A |ML-|^ Iran^isitor ls> u^=;^l iih 4ho ^{^otirl sUigc and ii-p-ii 
tiQiisistorra are iiBccf in ihu tir^jt niid ihird sE^p-'^- This* circuit arni]L|;<^]i]ont 
makes it pci^iiik to roimuc^t tht; colltrtor of one tmiiBiBt&r ilirectly to 
thu b[|s>c iA (ht following IraiiKislo]' ^vjthoiit introdiioing [lpp^e^7mble 
iiitcralagc loaa. "Shot" nrnwu^' uikI tic drifl arc miniiiLiacc] by ofN^i^tiiig 
tlics firat^tfigf at Ihf relalLvuly lo^v roilcrtor ['urreiit of 0.25 iiiillia]i]|>creti, 
^ITie llOjOOO-ohm rcHislor providoa thn tolli>ttor pmrciit for thn firet 
&t4£R^ nihfl tl>c 4^700-ob[n I'osi^tor providr?^ 3.8 milljampereQ uf rtjllCL^Ot 
current Un Ihf* Hfi-oi^d rtlao*. Tlif* sr]ies la^HlWKoliiti rpsiator l}elivocii Iht; 
hcoikI mill tbini -HUL^i^h, n^duc^s Tlir t-ollc^-lor to ^^niilli-i' iiratnilial ui the 
Rpf*oiuJ alapc l<j al>uiLl -L'j ^'ulls. 

Hip loop <'iLr]'Pi]l l]'tiiiJirTiiHiioii is nhapctl by line of Iwftl f^flbafk ap- 
plied to ibo sjccoi^d hlugf, hy nil iiitorat^^o network cNjii]ieutcd Ijelwt^ci 
the BPcoi]cl and third rsU^geH, avtid by the overall fl tircuit. TIk^ :iOO-[jhin 
naislor m the colltvtor circniit of the ^eco[]d rslaRC jh, i^'ilh reference to 
Tig, G(a)j ^1 . Tliu inipcdatH'f of Ihf iiilerslagi^ network eEin be iioglerted 
since it in nmall conipEired tu 200 uh]i]^ at all Erctiiicuric^? Uft xvliit:b the 
lot:rtl fef*dl>fLrl; k e1T^?^?live The niterslaee ]ietTvark la eo]iTieetcd bclween 
tht'^t-nnd atitj ih\rx\ Hta^ea in orclei' lo minimize the o^itput iiuibe volLugt'. 
With tliirieirciuitaiiungciHOntj practically all of the output iioiuc valtage 
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Fi»- n— DC ftUiiitni]!^ nnipliner. 
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FfleouCHCf fcN cvcL€5 peft stumn 



F^g, — Cain-fiEquBncy fiRvinptDtGB fcr auTnniLihg aTn^lifL^r. 



ia ^nomU-fl in the linat trahfli^tor ^tFig^^r IT tli^ trflnftiFitf>r in tlie firat 
fltaRc haa u ]LE>iw& figure less thnn 10 db at liOOO cr^'cles per seroiid^ then 
tlip HMS output iioi&e voltage is lew than II 5 itiillivolts, 

Flft. bliowft fl. plot of the ^fiin-fre^jueiity ru>yniptott!« fur thu muiti- 
minR amplilier dctern^incd from {13), (U), (l^>)^ (17)^ and (Afl) under 
tlic osfliimptio]! li]flt thp alplmfi^iiid njpba-ciitolf frequencies of thetraEi- 
rIaIofs are O.flfiS fiTid 3 n^<^, ivapcetivcly_ The comer fref|uenciDs intro^ 
du^'cd by the 0.5 iiii4:r[>fiirjKJ i^nndeiiser in the intersbipe ]ietwoi'k, the 
locftl fwdbaek circuity uiid the cutolY of the fir^t and third stag^R arc so 
located that the ^juri^iiE transmission falls off at an inititil rate oi about 
^ db per octave. This fjlopc is joined to Ihc finnJ asymptote of the loop 
tranami^ion hy ]ncflns of a step-type ol Ir^nsitioTi. The trfinsttioii is 
provjdetl hv 3 rcHiiig a^^'mptolra diie to the inleratape shapinjr networt^ 
and the ovcralJ ji circuit. xVn peiwcially Urgp pliAfip margin is nsed in ordf^ 
to injure a good traiibient perfonnainie. 

Fift, 10 >^howa the nniplilude and phase of the loop futr^nt trano- 
mission. When lb4> Ainplitiide of the transmission isO dbj the pbarsc angle 
is —292* and ^'hen thf^ phfise atiglr i^i — TidO'', the amplitude is 27.5 db 



TKaNBISTOR circuits foil A^■ALOt^ AND DltllTAL ftl"HTKMEi 311 



'■00 




FREQUEMCV IN CYCLED '^EP 5EC0WP 



Fifir lU — Loop cLirrenL ICLiftAimKicm ol the dUlummg ftmph[LPr_ 

belo^i (tJh/l1u^iimpljlm"busal]S''phiuw]iiarEit3ii"td'a7-i^f^^ 
ill ordjjr 1r> i]isurc dulficii'ihl Fof^lhfirk iit dt' iit]d tidu^iiLztrc margins aptLiiist 
illstflblllty^ llif* Irainftistors u^i\ In Mn? ainplifier should llrtV^> -ilphiiH in 
Ihc ritiiKe O.OS lo 0-Ui> lind lilpbik-c^utuff [rcc[UtneJe& equal to ot ureat^^r 
than li^mc. 

a,a. Az^^rtffwi/]"c Zero S*;(oJihcdc sSummmj Amplif^^^r 

The upphcatJOil of germanium juiiclloii |mii:<islors to dc ttiiiphli^t>t 

dochi (iL]t olJniitmlL^ th<f prc^blcrii of drift normally cntnuntcrecl iii latruuiu 
tubu firt'Uitfl. In iunt, drilC jk infirc 3e\x=re dut^ priiu-iijally to the vann- 
tioii of ibo lituisiHlor piiruin^^lf^rs alpha aiid hrtfuraftoti ^7ltri■c?llt with 
Icmp^^ralun^ variation. Even ihcjil^h Ihe iimplifier h^if^S" dbof negative 
foedhaisk at d<% Ihis feedback dw?i not i^liminate Iht.^ drift LiLtrodu<T?<l l>y 
the IirRt transiHtor sUgc. Because of Th<^ lairftC amount of dc (eedljan-kn 
the colleclor rurreiit of (he finil flUge is mainlained relatively ecinstant. 
1^t]C ^-ollector current of tl^e tranaiator is relatod to the baae current Ly 
the eciuaticni 



4- 



fl 



1 - a 1 - a 



(IS) 



The saturatcon current, /cod of a gennitniuiti junction translator doublehi 
approximately for evf*ry ll'^C niereaM In tentprralkirc^- The factor 

n/(l - tt) iiiei^asea by as itiueh as (> db for n ao^C inereaflp in tempera- 
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turCr Coiisefiii^'i^lJyj 'he baw tiin^Tituf the [ir>t sluge, /t , and the output 

voltajre of the ainplilier ]niast change ^^'ilh t^:'mpe^ntL]^e i]i oi'dor Id [nfiin- 
tflin Ir en]iatant_ Tlie finft due to the trmpornlnre i'n]Jalioii in a eaii be 
rethie^ hy operftfine (f]e (irfil slajie at ft ]o^^ Vfllut of collector fiirreiit. 
With iL ncrmajiium junctio]! tra[]biatDr in the first atafie operating at fl 
CQllcctor current of 0r!^5niilliampci™, thcnulpul voUageof IlieHmpHtier 
drifts about ±1.5 valtfi ov^r a temperature raiiRe of O'^t^ to 50*C. It ia 
possible to rednre the dr, drift hy naiiiE leniperQtnre Re]i3itivc elenipnls 
in 1h^? junplifn^r-^^- ^* Tn gen^?rJll, tetnperjitnro ron^pen^iftfJon of a tieti^Mialu]' 
dc an^plificr r?quirph [ftreful >jeleclton of trauMihlcir^ niiil rrilif-al acljujst- 
ineut of t!]0 <lt bia^jpn. Ho^vever, evon ivifh llir bc-s( acfjufnlnientu, tem- 
pt'ruture ccmiperi?iutirtn euriMcht reihice (lie diift in tht^ ainplihcr to within 
typical hmits surh elb ztn millivolts Ihroiifthoiit a t€Mnpeniti]re ]'ange of 
to SO'^C- In order <o oi^laJti Ihe d^?M]r^d a^curaoy it is necessary to use 
ail autonmlic zeroKet <AZS) circuit. 

FiR. 11 shows a df HiiniinLiLB amplifier and a rirniit fitrangomr^nt fcvr 
Teduei]ig any dc drift thai may appeal' at ilhc ontpnt rhf th^ ampliluT. 
The nntpnl voUfige is ec|Lifll 1o Ibc ncgfiCivc of ilio sum of (he input volt- 
uge^p ivliere facli inpul x^olieifp^ i_H FnuUL])lic<] hy Ihf ratio ol tl]e feedback 
rebcutor t^ il^ input rehi^tor. []i addclioii, an undetirable dc drift voltage 
isa]«o presenl m the output voltage. The total output voltage is 

ff™= -Eff.l^ + F.n^ (19) 

In order t^> isolate the drift ^'ultage, the N input vollaRcs and the output 
voltDne are applied to a resialance uunimin? netivork romposrd of rc- 
ftifitors fffl , If{, R^\ - - , R/, The vollage acio^s li^ Is equal to 

P* = ^P^rJa * (20) 

if 

and 

R,R, - R^R/, j = l,2,'",N 

The voltage fi* is amplified in a relatively drift-free narrow hand dc 
amplifier and is returned as a drift fornx-liti^ ^nHage to tht input ut (he 
dc sumniing ampliricr. If Ihe gain of flic ATS rirnuH In larne^ Ihc drift 
voltage at the output of the ^un^mijig amijlifEer cai] be made very smalL 
Fip. 12 shows the circuit diagram of a aumming amplifier Avhich uses 
a metrhanieal ehoppei- in thc^ AZS circuit^" The AZS circuit consi&t^ of a 
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rcsteUiicc s^Timming ]ketworkp a 4flG-i:yele syncliroDous ctopper, ai]d a 

tuned 400'cyde amplllier. Any drift in tho sui^iriin^ amplifier will pro- 

dL]rc n dc voltage iVnt the output af the ^uinnuiij^ network. TLp chopper 

ctmvorl^ Iho ck voUflgf into a 400 eyries per second wavel<jri]ir Tlie 

ruDd&menUl frequency in the m ii^T?fonn is ftrnpliHodby a factor of about 

400j00n by tlic tmicd aniplifif*r_ The sy]ichroiioii3 rhopper r^ctilies ihe 

sinuE^oidal output volt^ij^e and jirewrvesj Ihf oi'i^inal dc polarity of E, . 

The rcetitied voltage is filtered and fed back to the Hunnflilie amplifier 

AS an ad<litional input current- The loop vollage gai]i of the AZS dru'iiit 

at dc \f^ ftbout 54 db- Aiiy dc or low'-fieqiicnry drift in the h~umTnl]^^ 

amphlier lu redin^^d by a factor of about 500 hy thf* AZS circuit. The 

diift throi]Ehout a temperature range of to 50"^C is reduced to i3 

n^iLlivoltR- 

Kince the drift in the auminic]^ amplifier changes at a rcl&tively slow 

rat^p the loop voltagi^ gain of the AZS circuit can be cutiiff at a relativpl^" 

\mv frequency. Ln this particular case thp loop vollagr gain is zero db at 

al^out Ifl i^yrli?s per scrond. 

I 

H_]. Basu^ Design Cimsiderali(m^ 

The di?5iign prinoiples previously disnua-^ed are illublrated in this flet- 
tioii by tlie de^ij^n of a traj^siftbir inl^gratoi' for applii^ation in a volt^e 
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FtE- 11 — DC Eummlug ampliher with aulomalic zero set. 
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eticoflei". The iiitegrator is rEiquired to geiLerate ^ iS-volt ramp ivhich i3 
lin&fit Mid liA^ A tonstftTit slope to \ritbj]i one part in S^OOO. '"i'hjH r&mp is 
to Kelvc a slope of 5 millivolK per microswond for ftn interval of 3,000 
microswondSr 

Tht; first Bt<fp in tli? design is to determine the bandwidth ovei which 
the ncf^tive feedback niLUjt h^ iriaitiUined in or<lcr to ]"i?£Lliac the dcsii-cd 
output voltege lineanty. The relatLoiiship betivetm Uie output ftud input 
YoltAge of the ii^tcgiator <?an be obtained from expresEiion (II) by sub- 
stitiitinj; (1/pc) ft>r Zk nud R for J^j (refrr to Figs 1). 



£| tt tttI — 



pliC 



A& + 2,v pC 



I - A^ -h 



2.: 



R 



(21) 



"hoTfi Jil^ftUT] ni"! ■£|/^'i?'l anr tilt LB)jlac.\! tmnfifiniii:-^ <^f the output and 
input vt^lmgop, rcapcctively. I" Order to ipjiierate tin? voltae"! ramp, a 
nti^p vollflSC' nf aiii]ilitiirle E is npplied tn the iiipiit uf the iiiteftretor. The 
term Zik /fi i" iiPKlliihlc' cnmparcd to unity at nil frequeinjiesr Therefore, 



£[EauT] = 



F. 
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V^RC\_\ - AflJ pR \_l - A&_ 
It will It asRiJineil Ihnt A5 i^ uiv^'ii liy ihr rvprn^imii 

-K 



[2-1] 



AQ = 



['-fK^-B' 



(23) 



Espreeeion (S3) implies thtit A^ falls oft at a mte of (i db per <j[:tave at 
low fre(|ue]>4:jeti and IS db per octave at higli ficqucncies. The output 

voltage of the integrator, ns a function of tilue^ ijd readily rvaluated by 
tiubfjtituting (23) into (22) and taking the inverse Laplace tiansfovm of 
the results. A good appro>nmation for the output vo]lagP ia 
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The ]inear voltage rninp la espre&bed bj" the tfian —{El/liC}r The 

a<Jditio]ial tenusj introduce nonbnearities. The vwltago rti]np liaJ3 a alope 
of 5 millivolts per microsecond for E = —SI volts, E = 42,000 ohuiR, 

" [n evftluaEing Bcn^r it ^^fls awKumed Ihftt Zijj' wjw pciuJil ti> Ji h^c^tl reji^tftnce 
ffn^'i the lo^ frecua^TiCy L]]pLLt robibLanca Id Lliu litift 4JUiihlihOn i^naiMi^r »tng4^. A 
camulBtB anjly^l^ IcuJli^uLe^ thhL ihi^ fL^^timp tioi] mnk^i^ tii43 nJn^i^lgrL 4:f?]h^'rvLitive. 
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and C = OJ mjcrofarfld^. Foi" tLcsc circuit valuea, &nd K = 10^000 

(corresponding to SO db of fcrdbark) the noailiiLear terms are leflfl Ihan 
1/8,000 of the IJTiear term (tivaluatcd ivhfii / = 4 X 10"* seconds) if 
/i £ 30 ey^-les per aec^iid, /? k 800 cycles p^j" f^Ptiond, and if the first 
100(1 ]ni<^ioseconds o[ tlie voltaEc ramp are iiot Ti3*d. Conarqiicntly^ SO 
dl;] of nf^gativc fcixibark iniist be maintaici^d oi"er a ixmd e^l-onding from 
30 10 800 cycles per second in order to realise the desired output volUgo 
linouity. 

Fi^, IS fJ^owfj Ihc circuit dingi^m of l.hc integrator. The nnrtJiod of 

hiasingis theanmtiafiiSTJsedin th?fnU]nnuuH^n^plil"<^^ The ^OOnOOO-ohm 
sraietor provides approximately O.S milliamperea of eollctlor purreiit for 
the HiBt fitagf^- The JO,000-obm resistor provider appro^ij^intely 0.9 
ini]|ifti]^pc]'t}fi of roltoctor current for tho second stflge. ThP output ftago 
is designed for ^ ma^cimnm power dissipation of 120 milliwalt^ and for 
an output volti^^e ^wjtig between -5 and -|-34 volts when operatii^ 
into a load resistance equal to or greater than 4DsOOO ohm^- 
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fnEOuenCv IN CVCL&5 PER SEtOHD 

¥\^, 14 — Loi>p current trdtianilimloii or Lh6 int^^rblor. 

Thu ]n^Kei[i^'c twtlben:k in thft jiHtpSntor hiu? btt^ii elie^pcd by iiicmud t>f 
lornl feedbnrk mid iiiterblAge hcti^orkti ah desicrjbtd in Section 2.2. Tlm^ 
IcMjp mirreiit lrn]ia]njiiaJon bus Ix^en r^il ciliated from (13)^ (M), [15)h aiid 
(Aft) and h plo1l.od in Fig 14_ The trana]nEaaiQn is di?te]'minfti im<lfi' l.|n^ 
u^isuniptioiL theit the ftlplLfi& of iho li'^iisis'.nr^ air 0.1IS5 and tlio afphft- 
i^ntnff frequencies are three meRacycleb. Since the feedback abm^e 800 
oyelffl per second falla olT at a rate of 9 dh per ofltave, the analysiH in 
S(?c-iL&n 4.1 nsi]ig ("I'^), is conj?i?rvativc- Thfi integrator j^as ^ 44"" pliose 
nitir^in aitd li 20 db gnlti in^r^n. In order to injure ^ulTicient ff^edbuck 
bet^^'een 30 a[]d BOO cy^:■l^_^ per f^ccond and [idetiiiate niargina aj^inst 
ici^laliilily^ the IrunsiHlon^ u^'d m (he iratei^'Htor Jshonld have alphas; in 
llie iLi]iRc O.yS to 0.99 and alpha-cutolf fi'equencLea equal to 01" grcutcr 
Ihan '^.5 mfgjicyeles. 

The isilicon diodes Di and Dt are ret|uirfd i]i order to prevent tlie 
intt^grator iYcnn ovrrloading_ For output voltages between —4-0 and 21 
voUh the dlotlefj are reverse Ijinsed and i^preeenl very high reNi^slancea, of 
the order of 10,000 meRuhms. If the output ^'[]H^Re doea not lie in tlijs 
range^ then o]ie of Ihe diodes is for^rard biaacd and has a loiv resifitftncflj 
of the Older of 100 ohins. The integrator is then effe<^lively a df aniplifier 
with A voltagf* gain of appro vitimtely 1. I^io ^Utton diottes affect the 
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Itiicarity of the volt&gcmirip elisbtJy due Ifllheir finite reverterte^^ 
itnd ^Tiriiible Fihunt ciipiidtie&. If the dicxlpfi have reverse resisUhces^ 
greater th[i]i IDOO ]nejiohins, mid if Ihe nuixiiiaucii fnliUlit fjipaeity of cat'h 
fljodc is less Ihaii 10 inicromicrofarflds (cnpfttity with ininitrmm reveree 
voUage}t ilit^n Ihe diodes ititrodiare ]iegligibl4:! ernjFr 

A?j sUt<^ earh^tp [he iiit<^i"ator gf^iierates a voltJiRC raciii;] in r^^hpaiise 
to a voltajte htep. Thiw htep is applies] thrcTigh a tijkiiaistor aMit^jli ivhich 
is actuated by a square wa^T gciicrsLtor capable of driving tlic transistor 
well into turrent eatumlioih. Sadi ^ switch is required becauM the 
eqiiivalentBeneratorimpedaiieeof theapiJii^d air ]i vol lage must be very 
BmiLll. A suitable nrciiit aiTa]ip;e]iieiit is shuwit Jii Fig- 15^ For the par- 
licidflL^ appliffLtLota iindrr discussion the switch S is dosed for 0,000 
mi^]Ofir<^ondfi- D^mg this Unit*, Ihe voltage E = -217 appears at Ihe 
jnpiit of (he integrator. At llic end of Ihia time inten^ah tiie tr^nsietor 
swLtdi is open^ and a i-everue current is applif^d to the feedback con- 
denser C, i-eturning the output voltjifte to —4,0 volts in about S-ljOOmicro- 
sceonclfl An allflrnatc way of fipccitying el Iotv impedancie b^itoh ifl to say 
Uiat (he voltaK*^ acroau iC be cluae to aero. For the transistor awitchj con- 
nected as shown in Tig. m, this means that ite colleetor vollage ho Avithin 
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Fif Ifi — Inpul cironit arratif^m^nt of Ibe integr^lor. 
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one millivolt of ground poli^iilifll during the time the tranuiator is in 
MturntJon. IV ow, it has bwm sho^v n^* tliat \K'hcn £l jimrlion transistor i]i 
the romnion e]nitt*r comieeti^jii if> drLv<fii into t:urrei^t fijituralinn, the 
niinimiJi^^ voltage between collector and emjttfit is theoretically cr|ual to 

^/i^i (25) 

q &i 

whcrfl fc is tlic Bollamann ronstaiitj T La the absolute- tci^f^raturc, y ia 
Ihe **liai"e;e of an elCL^tron ((kT/q) = 215 millivolts at ruom tec]iperEi.lure)j 
aii<l £f| ia the inverse alpha of the tratisistotp i,o,p the alphji \rith the 
emitter and toUwtor intfiirhanged. There is an adtlitlona] voKhj^ drop 
aeixwB the Iranfjistor due to Ihe bulk resisljince of the [:oll<^ctor and 
emitter regioi]a (incUklin^ thf ohinifl cflntaets). A Bymmetrit^al alloy 
juiirtion transistor with a[i alpha dose to imity is an excellent switch 
|jeH:aTi3C both the collcctortoemitter voltage and the colleclflr andemit^ 
ter resiiitanceK are very ^mallr 

At the pita^nt time, a reasonable value for Ihc ]"csidual voltage* be- 
tween the collector and pn^ittcr is fi to 10 millivoltjs. Thiia voltage can be 
c-liminated by retLirnmR the emitter of tlio transi.stor switch to a small 
iK^Rative potential- This method of balanclihi^ ih praetit:al tvc^auae the 
voltagt bftweoTs thi> eollec^r and emitter of Ihe transistor dors not 
ehange by more than 1.0 millivolt over a ten^peiatAirn i£L]ige of 0^ to 
50"C, 

i.3. Autfmuxik Z^ro S^i of the Inl^^ntor 

A serious problem aaaoc^ated wilh tike transistor infegralor is drift. 
The drift is inti-rxlucod by t^vo aourcea; variations m ihe haM enrront of 
tbe first tra]ia]stor btaac at]d variations m the base to emitler potential 
of tlifl first stage wil[i lenlpe^atu^i-^ Iti order to rcdn™ the drift, the 
i]^pTLt ri^^istor R a]id the feedback condenser C tiHist be disBo<^iated from 
tlie bascturh^nt ji]ifl base toemitt^^r [potential of tlie iiihl transistor stage. 
Thi» la accoinpliJnhcd hy placing a blockiiif^ condenser Cb between imint 
T and the base of tlie llr^t (lai^fiistor as shown in Fijt- lo. An automatic 
s^ci'O SPt eircuit is required to maintaiti (he voltage at point T equal to 
aero vollijr TliLS AIS eircnit usea a mE^netio modulator known as a 
'maffnettor/'" 

A blork rlia^ram of the AZS cirtiiiit is sho^^-n in Fig. IG. The dc drift 
current at the i]iput of the amplifier ia applied (o the inagncltoT. The 
carrier eurrent requis'ed by the inagnettoriH supplied by a local tranaistor 

* The invcnsd LJpJijlS c>f the tmnaiatora uEcd in tbia [ippllcntlou were ftrtnter 
thane.1»5. 
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wdlJa^O]^ The useful output of the magnettor lb the second harmonic of 
the carrier fji^riiiency- The amplitude of the Mcond harmonic ^gnAl ii^ 
pi~opoi'tio[]al to llie melgiuUldo of the dc input current arid the pha^e of 
the second harmonic uiBiinl ih detettrtined by the polarity of the dc input 
current- The oiitpiit voltage of the m[is[]eltor ifi applied to jin active 
hlter which is tui^cd to the second harmonic frequency. I'he signal ia 
then amplified in a luned umplijjer und apphe^l U> a diode &hng eirouit. 
I><fpeudinfi on the polarity of the de input currentj the Rating circuit 
poaaea either the poaitive or negatls'e half cyeic of the second harmonic 
signal. In order to accomplj^h this, a square wave at a repetition rate 
i^qual to that of the aecoiid harmonic h]^\hi is dca'ived fro]rL the ^arrjer 
o^]llal.oi' and actiiates the ^^tiiig circuit. 

Adrcuit diagratn of the AZS circuit is ahoivn in FigSr I7(ft) and [7(b), 
The varicjus Hectiujis> of the eircuit are identified with the blocks alio^'ii 
in Fig- lis. The active filter ia ^justed for a Q of about SOO^ and the gain 
of the active filter and tuned amplifier is apprO\ir]t&tely lOOO The AZS 
circuit provides dzL.O voU of dc output voltage for ±0.05 microampeieH 
of dc input current. The maximum sensitivity of t]ie eii^uit is limited 
to ±OrOU5 inicroamperes hcraiisc of residual second harmonic generation 
i]i the mogncttor with aei'o i]ipnt (■L]rrent. 

When tlie transistor integiat^r is used toEether with tlie inagnetU^r 
AZS cireuitj the j^lope of tliP voU^gr ramp is maintained coi]sta]^t to 
\\ tthin one part ici fi.OCfO over a temperature mtigo of 2fYV to 40*C- 

The voltape comparator ifi one of the most important ciicuitfj used in 
analog to digital convertera. llie con^parator indicates the exact time 
that iiu input wavefonn passes throiiRh a predetertnincd referenre level. 
It has l:»eeii cOt]^]non praftii-c to use a vacuum tube blocking os^^illator 
as a voltaj^e comparator-" Due to vanatio]iH in the coiilact potei^tialf 
heater voltage^ and traiLSConductancc of the vacuum tube, the inaxinmn^ 
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acaj™t:j of Ihr circuit is limitod to about itlOO mjllivolta. By takinR 
ELdva[]tage of tho properties of wfmitaTiductw devi<^^j the translator 
blor.king oscillator <:oi'rtpareLtor cei]i be designed to have ai^ acfuracy of 
±ii millivolEa throuftlmut a Iciiiperalure nLDge of 20''C to WC 

E.i. Oefi^rat Description cj ih^ Voltaic Comparator 

rig. 18 hIiov^s ft Snimplified circuit diuKr^jn of the voltage comparator^ 
E^cept for Ibc siJicoii junction diode />] , thia circuit is eaaentially a 
tntnaistor blockiug oscillator. For the purpose of analysis, Ei^aume lliat 
the refe]'enre vulttiRe V„ ifi set equal to zero. Whec] llnf itiput volti^^c Vt 
is huge and negative, the silicon diode D| is eu open circuit and the junc- 
tion traiLuifltor ha^ a rallector current del^nt^in^ by Rs and Ef^ [Espres- 
Bion (18)1- The baee of the tmnsistor reeidefj at approKiniatcly -0 2 
voltR- Aft the input vullfige V, approaeheB aero^ the revense biaa acroun 
the diode 7>i decreases. At a critical value of V, (a stnal! poaitivc poten- 
tifll), the dyi]aniic; rtsistan<^ of the diode ia aiuall eTiOugh to permit Ciie 
ciriiuit to bccnine im^tabLe. The posidvc feedback provided by trans- 
former Tl forces the tronBiator to Uim off rapidly, gi^ncrating n shai p 
output pulse atro^ the secondary of trat]sformer Tt , When V, is l&igc 
and poaitive, the diode Di ia a low impedance a[]d tlse transistor is niain- 
l^lned cutoff. In order |o prevent the eomparatoi from ftt^iKTadrtg riion" 
tlian one ontput pul^e during Ihc time that the circuit Ij^ unssl^ble, the 
natural ijeriod of the circuit au a bloclcing oscillator must be properly 
tihoBcn. Depending on this period, the input voltage waveform nuiat 
have a certain minimum i^lope u'licn passing thrmigh the reference level 
in order to |>revnnt the circuit frocn inisfirlngr 

The comparator has a high input iitipedai^ee except during the awit^sh- 
inginter^^al.* W]ien V, is negative mth rtwpeet to the reference bvel, the 
input impedance Ji^ e<iMal 'fl the impedance of the revere biased silicon 
diode. "VMicn V^ ia positive ^vith inspect to the reference level, the input 
impedance is equal to the itii|>edanee of the reverae biawd emitter and 
collector junctions in parallel. Thi^s impedance )S large if an alloy 
junction Iransiator le use<l- During the si^it^^hinj^ inkrval the input im- 
pedance is equal to the impedance of a fi^rivard biased silicon diode in 
fif^rios ^^'ith the input imppdanrc of a common emitter stage (appi'osi- 
jLiately 1^000 ohm«)r Thlfi loading effect ia not too seriouj^ J^ince for the 
circuit fleaeiiljedj the s^^il tilling bitcrval is less than 0.5 microsecond&r 

Th? voltage comparator s}iow]i in Fig_ 1ft operatea accurately On 
voltage waveforms with po?5itive slopes. The voltage comparator i^-ill 
operate accurately n]i waveforms y\ illi negative slnpcw if the diode and 

' The &wilclLL]]s llitcrvnl is ttic time rcquirtJ fit the Ir&nflset&r to turn H>ff+ 
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NOTE' ALL CAFy-ClTORS AMP IHC^CTEfiB 
IN TUN€D anCdlTS HAVE A 



Fig- lV(3i) — AZSciKULtr 
battery polfnti^iJs £U'c reversed and if Em u-p-n junctian transistor is 



6-Sr Faci^r^ Dftermining the Accvrac^f of fhc V€lfa(!e ComjNiratcr 

Fig. 10 shows the ac e^iuivzileiit tircuit of the voUAgo eo]np&]"ftIflr- In 
[he e<iuis'alent <:irouit Ifj is the dyi]amiR resistance o( the diode Di ^ fig 
is the source resistance oT the input voltane^ and Rs ifl ttc iTnpcdanc^ qf 
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the load Kt as it appears ftl iLie prtiiiary of the tnniEformer T^ . /?! ia b 

function ol the dc voltcijpf ft[:rass the diode iJi - At a preaeribcd value af 
Bi J the eomparator nrcuit became^ unslaMe aiid sw][oln>s- Tho ]-i?latbn- 
ahip Ix^tween this criti^^al i^lue uf ^i and Iht^ transistor and iiircuit 
pnrometera is obtained by evaluatiiig the charactf^nstii^ cquatiuii for the 
cirt:uit Aiid by dttentiining ihe relationship AT'hich the coelTiciei^t^ of the 
equation miist Efitiafy i[i order 1o hfivc a root of the equation he in the 
right hand half of the flnmplcs frequency plaiiL^ To el. f^ooil clpptx^^hr^a- 
tioc], the tritijjal value of lii is givi^n by Ilie c-vprcssion 



fli +/?. 



A 



Mn^ 






(26) 



tvhete M is the [nulual ijiduelonce of tranfifornier 1\ ami R^ = jV^'/i!x, . 
Since the tranaifitor parameters which appear in exprCMfjion (2t) have only 
asmallvarifltion with Wit] p<?m[ure, the critical value of /fii5 independent 
of temperature (to a first approximation). 

It will ijoxv be sliown that the comparator can be desigcied for ai^ ac- 
curacy of i5 nullivolt^ lhrou6hrn]t a trmperatiire range uf 20^3 to 40^C. 
In order to eatabliah ihiw aucurixt^y il ivlll Ix^ assumed that the critical 
value of Ri is equal to 30^000 ohcnn ThiH H^uinption ta Ivosed on the 




l^/Lf 



TO LC PlLTtR 
IN MAGMtTTOR 
IMPVT CIRCUIT 



^^^ -^A^F 



r433V it33V jt33V 

Fig. 17(11, SJOfl-c>cle carriEr o»^il]LftO^. 
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di^ta clisplnyed in Fig. 20 whifli givostbe %'olt-Bmpere <^hftraclfristipa of a 
ailicoii diode menfuirpd at SCt; wid 4ri''C;. Thioujihuiit tJiiM l^mpcmtiire 
raiiRe, llie diftdc %'i>ltEiKP correapondinR to the critical reEiBtnnre of 
30,000 ohniB chfliigPfi by nbcmt 30 iiiillivdls. Fortuiintely, pari, oi thia 
vullage vHrijLlioii ivith tcniinirjitiire in tympeiinatpd for by the vmiatioii 
ill voltage Vt^ tjotween the hufti and Rmittcr of ths jiiriLLioii Imn^istnr. 

FriHii Fig. le, 

V.= Vo' 7_.-h Vr. (27) 

For porfpi-t [;oiiipcnHfltiiJn (V. independent of teinpemtUTe), Vt-, Jihuiild 
bfl^T the fiixm^ tciiiperHliiTe vanBtloii aa the diode vollage I'b EspciL- 
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Fig. 19 — 1irf|uivA]«nt cirouit of voltnge coiiLpzitii-tiDr. 
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Fig- 20— Volt'ftmpere charatlUtBllo of a aHacun junction diod*. 

menially it ifi fflui^fl tl^flt V^^ for germanium juiictloti trfiiifj]sl^>rs vflji^s* 
by abt>ut 20 tnillivollJ? thmrigliOMt thr tempemture mcij^e uf WC (o 
40^C. ConMqiientlyH Ihe vzirititioii in i\ at which the ejreajt B%yi[ehes is 
it 5 millivall^. 

It Lfl appftmit fruiii Fij^. 20 Ihiil Ihc ucciLrcwy i>f iliO Cf?ii^p*ratDr in- 
creases slightly ior t:ritira! values of Ri greater Ihai] 30,000 <jhm&p but 
tlc<^iTas^3 for smaller values. For example, the accuracy of the romparator 
i^ ±10 millivolts for a fritjcal value of Rz equal to 5,000 olutis. In Keii- 
eral, the critit:ftl v^luo of fti bIiouM be choaeii betiveen 5,000 nnd 100,000 
ohmB, 



Rg. 21 ahowB the complele circuit diagram of a voltage oomparalor. 
The tirtuit is rlc^igriocl to gftiic]'iLte a sharp output pulse* ^^lien th^ input 
volt^ige \viiveft>mi passes* Ihroui^h the rrferouei? level (aet by V"„) wilh a 
positive slope- The pulse is generated by the transistor s^^itehing froiTi 
the "uu" *^Uti/ lo Ibr ''off^' A(a'^>- To a Pi'st appro\imatio]i the amplitude 
of the oulput pulse is proportioi^ftl tn tbo trausij?tor ^olle^7to^ current 
duiiiig tlifi "oc]'' j+talCr When the ii]pijt vollage ^va^^l>fo^m passcR througli 
the refei^nce level w]th a T]<:galive slope nn undesirable negative pulse is 
genevafefl. This pulse \^ ehininated by the point c0]jteu;t diode D^ r 

The voltage comparator Is an unstable eircuit and has the properties 

* For tilt cirtaiL ViiluCSshoiN^nm F^^. 21, ihe oulput pxilRe Hqb apsak amplittide 
el ahont 45 vuLla^ a riitp tima uf O.B mlcru9tc4tl(le, Atld A pul-u; ^^f|th of fibnut ^.0 

miH^r^e^mnds. 
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of a free n]nni]ig blocking oscillator after tlifi input voltage V^ pas£OS 
through the reterei]jje level. Aftf^r a period of time the tranflietor ^ili 
return tn tlie ''on" atjite uiileaa the vuIUrc V, is sufficiently large nt this 
tiine to prevent switehiiig- T]i ortler to niinimiz^ the re^^uired ^lepe oi the 
input -waveform the time intiintil belNvfeit the insljint V,- pH^aee through 
the reference level and the inslant the transistor ivnitld ]iatiirally switch 
to the "on*' state ninst be niflumiaed. This time inlnval fun he con- 
trolled by connecting a <lio<lc Dy across the secondaty xvinding of trnjis- 
former Ti . When the trarLflisl^>r twmsr ofl", Ihe current wiiidi xva^ flowing 
Ihrouph tlic secondary of transformer Ti{Ic) <^onti]uies to flow through 
tl]e <liode D) so that 1^ and Dj form ^n induelive rfisrhai^e circuit. The 
poiTit contact dio<le Dj has a fonvard dynamic resiB[&tn:e of tcRS than 10 
ohms nnd a fori^nid voltujpj dro|3 of 0-3 ^olt. If the small forwanl re- 
sistance of the diode is neelected, the time retjuiicd for the euirent in the 
circuit to fall te wro is 



r = 






m) 



During the inductive transient^ O.S volt is induced into the primary ol 

transformer Ti (since N = 1) nminUiniug the tranj^isUjr LnJlflff^ The 
duration of the j]idnctive tran^ent can be made as lon^ as desired by 
increa:>jnK L2 . Iloweverp therr; ifi the pra^^tical limitation tliat increasing 
Lt also inciMses the leakage iiiductanec of ti'ansfnrmei 7\ , and in turUp 
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EIr. 2E — VoltOlgC otjmparator. 
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iiiicrea^s the rsivitchirij^ ricite, TI]C ftrcuH sbowii in Fij^uiv '^1 iJons not 
misfire when used with voIIbru i^nvef&mis huvjn^ fjluj^e-^ a-S ylnyJI as '2o 
]flillivfl]lfi per tiiicroscfflndj fit ll^e ]efcrenpi? WeL 

6.1. Circuit Arran^nenl 

T\\^, tiutsfiiHtrtr uirtuH,fi iiroviansly dca^^ribod can be o^oniblccl into a 
volUgEj t^iK<jd<-T for traiyjlatini; ttiisiloi; ^-olItLgi^s i]ito Gquiviile]it tjnie 
Lcitervala. ThibwiiJiKJuria uupedally usrftul for r^^afcvpilini^ nnatc^ m^ 
tion (ill the foi'm of fi dcr potentieil) into the di^Ltnl code for procesuicig 
i[i fi difitlal Myttt^in. Fjb- 22 fnliowfi ft fnin^plifiod blo**k diagrftm of the 
encoder The voltage ramp geT]erat4?d by ihe iiitfp;ratitr Lh upplif^ to 
amplitude oeloL-tor iiutnlj^jr une aud In one Jnpnt of ft Runimmg amplifier. 
The amphtudeselei^tona u dc Eimplifier ivhicii ciiiiplifK'Q the vollaKft miiip 
in the vieinjly of zero volta. Votlnge eonipiiralnr ]iiiniber one, ^hic^h 
follo^vg the asnpl]tiJ<le sielcctoi'j gi^rierales a sharp output pulse at the 
exat;t JouLatit of [liiie Ihat \h^ voltage ramp passes through zero volts. 

The aiinlop inpnt voltage, i^'hLch haij n ^aluo botwpeu nn<\ —15 
volts,* ia ftpplie^l to the second input of the auiiicnicin acnplifier. Tho 
output voltage uT the auiuJiiing ampliCicr jy !M;ro Aihcucver the ramp 
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Fig. 22 — SLmpllfitd block nliflgrftm nl voltQ^c: tneixlerr 



' If the aanlog input velLfige duE:£ [li>I IJc li] tt^is riLhfte, IhtOih the VDltagfl EEAin 

o( the ^urcitnL]^^ jhini^ltfirF nutnL b€ rcL so that tlic uaali^j; ^'alhigc fit the out-put af 
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voltage ]s equal lo Ihe iieguti^^ of th« iiaput E^nal^ voHoft^. At tLis 
inslanl of time the a?*coiid voltagr: ecimparator gf*iieratea n sharp m]tpi]t 
pulse. ITie tjint JMterv&l between the twt> output pulses i^ proportional 
to the analng input voltage if the ^^ollage r^mp is line&r Ri\d has a eon- 
sUnt elope at all limea 

■ 

Tlie aijhpLilu^le tieleftur iiit:n;aheB the alupe af the input voltage wave- 
form [in the viiiinjty of zero Aolts) ai][heip]itly for pioper opor&tion of the 
vollj^e ^ocnparator. The aniplitiictp fif^lc^:tor oonsifltR of a Iimi1.i?r and a 
dc fn^7dbac^ amplilior a^ sliown in Fig. 23. The t%%0 opposi[*;ly poled 
nlicon diode» 1>] acid 1}^ y limit the input voltage of the dc amplifier to 
about zt0.115 volts. The de Emiplilii^r haf; ^ voltfkg^? g^in of tJiirty^ and so 
the majiimijm output vollagc of the amplitAide srfJertor jy litnitod to 
about dil'J.5 vollSr U'he ntrt voltage gaiiL bet^^en the input aitd output 
of the amplitude selector \^ ten. 

The principal rcqu]remciit placed on the do iuiiphficr is that tho iiiput 
cLirrent and ll^r output volUgc be scro ^%hen the input voltage \h zero. 
Thi^ is accomplished by pla^i'ing a blockjiift condei]stT C^ between point 
T and the base of the firat ti'oiiaisto]' stage, find by using an vVZS drcuit 
toin^tainpoint Tat zero vol ta. The dcindAZS an tplifiens are identical 
in configuration to tlie amplifiers ^own in Fig. 12. The dc ampiiher is 
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Fi(. 23 -^ QLock EliuHr4un of the lunplitu^ solccLor. 
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designed tQ have zitKiut 15.0 db le^a feedback ih&tl lliat ubowQ in ¥\^. 10 
since this an^ounl. i^ jidi^qiijitc for t!ip prcsc]it purpose. 

Tfic b[i]iJwidtli of ttuf dc acnijltlier is only [>f epcondftry imptnlance 
btTiLufH; []n: phase sliif la jnlrodin^ed by tlie two ELinplitude selectors in 
the voLta^e encoder tend to fon^pcnsftCfl each oUitr* 

11.3. ExperiTnenUd Rc$uif^ 

TliC aceariLcy o( the vollane etKoder \^ tlettnniiied by upplyinn a 
pieuiaely tilpaniticd vollagr to the input of the aiimmi]ig ^unphfier and by 
incnsiiniig the lime it](45rval bet^vi>CM (he Uvo output pulses. The niaxi- 
inum error due to rionli]ii?nriticsiii the siimmirLg ampbficr Eind the voltage 
IELU1|> i^ le» than ±0,5 i]ii[:roseca[]ds for a niaxiinucn eha>dii]j^ time of 
3flOO initrose^cinda- An additional error is introdiined by the noJM voltage 
ge]ieratLJ in (ln^ first transistor slage of the summing amplifif*r_ The 
RMS \to\tiv ^ijlt!ig^^ at the oiitpiqt of the summing muplilier is less Ihaii 
O-.T niillivolta. 'l1iis> tnjiaiO voli^e pintluces tui RMS ]itti^i" of 0.25 mitro- 
setOtKln in the position of Ihe ^eOTid voltage coinpiirator uutput pulse. 
The uver-all^ct'Uraey of the voltage enroder la one part m 1^000 through- 
out a temperature range of 20^*0 to WC. 

The author wishes to express his appreciation to T. R. Fineh for the 
ad^^jce aud eciuonragenient received in the course of this wort. D. W. 
Grant and Wr B. Harris desij^ned and constructed the magnettor used 

in the AZS circuit of the iiUegrator. 

Appi^Norx I 

TJLi^&MJgaIOJ^ 

Tnordrrtoplace thesUbililyanaly-^isof 1he1ranf,ifito^f^>edhackatnpli- 
^ier on rt fioinifl l:iasisH it m desirable to um Ihe cLuicept of retiini differ- 
ence.'lt ^111 ln'^hohvn Ihata measL]rab]e tiuantity, called the loop curTei]t 
transmisHion, caifc l>e rclatf^d to the retiirn djffere]nx? of rtZ^ wilh reference 
r, -*■ t In I'^e^ -Ij -^' represeiil^ the fon^pl<>te Iransistor network exclusive 
of tlio Iransistor under Miii^iderulion. 1'he feedback loop is broken at 
the input to the transislor by connecting all oE the feedback paths to 

' In Ibih lL]Jf^ccld^^ il la ^i^Nimr^L ihjit ih*^ Irnnaaiitnr iindor ccnflLdrrjitinn lb Ln 
%h*> common ninUicr cttcLikOcLLuii. TtiC dl3tL15SiOIS cull be rcnrBily est^ntlpnJ fo the 
Cthfr tr&aaiBLar H^cnncctLom^. 

I ll^ia fad wa& jjohnLsdoul by F. Hr Tcndickp Jr. 
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Fig, 2i — MonRureiTiEiiL hj[ IhWP -iurimt LrnnaaiSlw&L&n. 

gmaiiiJ tTiroyfth a ii^siftlanre (r^ H- r^) and a volljige f^/4 . IVing tlic 
]itffrLCiiclatijre fijv<fii Ici Hpff^rrnie S, the i]i[jiLt of Cl^r complete tirLuit iu 
tli^fllftiLtulnri as the first mesh iitid the output oE the Ofimplct*? rireuit ib 
clejjjsnated £ls the second meMh^ The i]ipiit and output [itf**h™ Qf the 
tr&TittiBtor un<lrr fO]isideralLoc3 are d^iftii&tM 3 aJid 4, respectively- The 
loop corTec]t tratisniisfiioii is equal to Ii', Ihf tolal returned current when 
a unit input unrreitt i>? tippli*^l '-o the baw of Ihf tmnsistor. 

Tlic rclurti differeiu-e for i-eferprire r^ je- etfiiul to the algphi'mc differ- 
ence** kitwt^^ti i\K LjiiJt uipiit current and tlie ie1urc]ed uun'^nt I/- // is 
evaluated by multiplying the open circuit vohftg^> in mesh I (produced 
by t!ie unit base i^urrent) by 1h? backward trai]smistiiou fLom mesh J to 
mesh 3 with aero forward transmission through the triLTisit>tor under 
consideration. The 0|>en crirrnit vollJiRe in inO>ih 4 is eqiial to (r* -^ fiZ^). 
The backward tran»misision is determined witi] the rlemcnt aZc ^ h: the 
fourth row, third coluint] of tbc circuit deterniinftntp BCt equal to r* . 
Henctj l]ie rptiirn difference is SKpi'CSsed els 



V, 



Fr^- 



1 + {aZ^ - r.) ^ 



(AOt 



{A2) 



Fr-.= 



1 4- 7-.', 



tA3) 



The relfltivp return rQtio T,., is ogual to the negative of llir loop eiirrent 
tmnBmJB^Ion hihI oan he measured vi hUowii in Fig. 2-1. Tiic voltage ""J. 

lalies into Bcrouut the fact that the iunction traiisifitor is not perfectly 



■ Tlte ptfliCive'iirccliDnror iLo reVuinftl <:urront ia choiWuiiO thai it iVn? on KinJi' 

circuit le reifUrtlJ, (he rstiLniod currenl fluW6 In the flame diiociiuu 4iH Ihb iitpul 

tfl''i is ihe nclhiHjrtL ileln'Tnilnjint v;Hh Ihe clcmCUt aZ. in tha fourth row, third 
uilucao of Llie circuiL dtltiLiLiujtiiL tel equal to r. . 
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unilftloral. Fortunailulyp in iiiii[]y applit'otiocis^ thia voltage rari be neg- 
lected even nt tlic gain a]icl pliaso <^i'nss^>vcr f rtriutiiticSr 

Iti llir cjiRf* of ftingit IrKap feedback atiiplilierjj, i''' ivjl! ]mt have any 
wroB in the riftht fiand ]iulf <rf the complex frequency plane. A study of 
the fjtaljility ot the anipljher cnii then be l>a.^rl im F^r^ or Tr-, ^ 

Al-F£NDfX II 
IKTKnaT^GE WtTWOIlK 311 API WO 

This ftppcndis prearnis tht fHialyuis of the circuit uhmvii in FIk- 7(a). 
The input impedance of the romnian emitter connected Junction tran^ 
sistor is givf n by thi? c^prcssinn 

^ixi^ - rh + r.(l - Gi) (A4} 

wliere Gf ijf iht^ ^:■u^TelLt tranHmiaaion ol the cuininon emitter atage, ex- 
pression (13)- The uurreiit Eranamission A of the complete circuit ia cquaL 

to 

li i] T ilXPLT 

whpicZi = ffi+ p7-3+ (I/?jCj), Coiiibiiiiiifena), (A4), ?iml (A5) yiddh 



.4 = 



^,[(i.H.)V.f....-i^ 



1 — Ofl 4* 3 L\ "■' \ ^1^ 

1 +-)|l +P— ('■*+r.+ fti + «,L,) 



Mil +p^{.,-Hr.+ ft, + «^,) (Ae) 

tut/ \ «1 



where 



,^fl,+.. 



(I - Jn + a) 
1 +i 1 

1 

1 

J 



"1 



M- = 



'^ + r, ^^.-r:! ^'^ 

(1 - On + 5}_\ 
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Espn;i5*jioii (M) is valid il IMS> l/-^i -\- R3C3 . The denominator of the 
evpreatiaii llldj^:■^^teH a fulling G db ptT ut:lavc osymptol* witli ft comer 
freqiienry fit u^ . The sroonci ftustor 111 tlje d<>tiomiiiator can be approxi- 
]nfttod hy CI fftUiiiH G db per ottavc ftsympt^jle xvilh ft comer freciuency &t 

ft -h fc -h Wa -h cOiLa ^ 

plua additional pliawe ftcid ninpLitudo <^(Nn|riljntioiii3 at hi£lini" frc^nencieb 

due to the p* and p^ t^>rmB- If 



then tht timlil. Iiaa a naicift 12 <Jh per octju-e jnyjri|)tnt(! with & com&r 
frfqiieiiey at ojj . Fig 7(h) shmva tin? Bciiplilu'le and pha^i iif thr current 

traEJ^niissioii. 
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